Introduction
The static quark anti-quark potential in strong interaction is often expressed using the ansatz 
For historic reasons, this potential is refered to as a Cornell-type potential [1] [2] [3] . The first term is a Coulomb-like term describing one-gluon exchange, which is very similar to the Coulomb term in QED potentials for e.g. positronium or the hydrogen atom, except that here the coupling constant is given by α S instead of α em . The second term is a linear term which phenomenologically describes QCD confinement, and which is completely absent in QED. The linear shape is e.g. supported by Lattice QCD calculations, and the parameter k is the string constant of QCD string between the quark and the anti-quark. The other terms represent spin-orbit, spin-spin and tensor potentials, leading to mass splittings in the spectrum.
Heavy quark combinations such as the charm anti-charm (called charmonium) and the beauty anti-beauty (called bottomonium) are in particular interesting, as they can be treated (a) as non-relativistic systems and (b) perturbatively due to m Q >>Λ QCD , where Λ QCD 200 MeV is the QCD scale. Charmonium-and bottomonium spectroscopy has been a flourishing field recently, as many new states have been observed. Masses of expected states (such as the h b , h b , η b , η b , described below) have been measured accurately and enable precision tests of Eq. 1 to a level of ∆m/m≤10 −4 .
On the other hand, several non-expected states were found, which do not fit into the Cornelltype potential model prediction. While for many priorly observed charmonium and bottomonium states the difference between predicted and measured mass is impressively small in the order of ∆m 2-3 MeV, for some of the new states the closest predicted state is off by ∆m≥50 MeV or more. Such states are often refered to as XYZ states. The Z states (as will be described below) are in particular interesting, as they are charged states, and thus can not represent charmonium or bottomonium at all. Many of the XY Z states were observed at the Belle [4] and BaBar [5] experiments in e + e − collisions at beam energies 10.5-11.0 GeV (i.e. in the Υ(nS) region). In this draft, at first charmonium-like states will be discussed, which are e.g. produced in B meson decays. Belle and BABAR are often called B meson factories, as the number of produced B mesons per time unit is very high. Often the size of a data sample is given as integrated lumnosity. With a typical instantenous luminosity of 1×10 34 s 1 cm 2 and using 1 b("barn")=10 24 cm 2 , we get 1×10
or 1 fb −1 per 1 day. The center-of-mass energy of Belle and BaBar is √ s=10.58 GeV, corresponding to the mass of the Υ(4S) resonance. The cross section is σ(e + e − →Υ(4S)) 1 nb, and thus we get about 1×10
6 produced B meson pairs per day. Further below in this draft, examples for bottomonium-like states will be given, which are e.g. produced in radiative decays of Υ(nS) resonances. As an example of applications of the measurements, a few precision tests of the Cornell-type potential (Eq. 1) will be discussed. At the end, an outlook to a future experiment will be given, which will be able to measure the width of a state in the sub-MeV regime.
2 Charmonium(-like) states
The X(3872) state
The X(3872) state has been discovered in B meson decay in the decay X(3872) →J/ψπ + π − by Belle [6] and confirmed by other experiments [7] [8] [9] [10] [11] . Among the XYZ states, the X(3872) is the only one observed in several decay channels: X(3872)→J/ψπ + π − , X(3872)→J/ψγ, for the decay B + →K + X(3872)(→J/ψπ + π − ). A 3-dimensional fit is performed. The blue line represents the fit result, which is used to extract the mass and the width of the X(3872).
The mass of the X(3872) can be determined with high precision. A recent mass measurement of the X(3872) at Belle was based upon the complete Belle data set of 711 fb −1 collected at the Υ(4S) resonance. Fig. 1 An important decay of the X(3872) is the radiative decay X(3872)→J/ψγ. The observation of this decay was reported by Belle with a data set of 256 f b −1 , a yield of 13.6±4.4 events and a statistical significance of 4.0σ [16] . The combined branching ratio was measured to BR(B ± →XK ± , X→γJ/ψ)= (1.8±0.6±0.1)×10 −6 ), i.e. the branching fraction of X(3872)→J/ψγ is a factor 6 smaller than the one for X(3872)→J/ψπ + π − , and thus this decay represents a rare decay. However, the decay is very important, as it represents a decay into two neutral particles, which are identical to their anti-particles. Therefore observation of the decay implies, that the charge conjugation of the X(3872) must be C=+1. BABAR was able to confirm the observation with a data set of 260 f b −1 , a yield of 19.4±5.7 events and a statistical significance of 3.4σ [17] . Charmonium states with C=+1 are interesting objects. While decay widths (which can be measured by branching fractions in the experiment) for C=−1 states scale with the squared modulus of the wave function (Γ ∼|Ψ(r=0)| 2 ), decay widths of C=+1 states scale with the squared modules of the derivative of the wave function (Γ ∼|∂Ψ/∂r(r=0)| 2 ). An additional surprising property of the X(3872) is isospin violation. It was found, that in the decay X(3872)→J/ψπ + π − the invariant mass peaks at the mass of the ρ 0 meson. The ρ 0 carries isospin I=0, but the initial state (if assumed to be a pure cc state) has I=0 (as it would not contain any u or d valence quarks). There are only two additional isospin violating transitions known in the charmonium system [14] , namely ψ →J/ψπ 0 (B=1.3±0.1·10 −3 ) and ψ →h c π 0 (B=8.4±1.6·10 −4 ). These branching fractions are very small. One of the mechanisms to induce isospin violation is the u/d quark mass difference in strong interaction. However, as the mass difference is small, the effect should be very small, consistent with the the measured branching fractions. Another possible mechanism to induce isospin violation is the u/d quark charge difference in electromagnetic interactions (EM). Isospin should only be conserved in strong interaction, but not in EM interaction. Thus one of the possible explanations might be, that the decay X(3872)→J/ψρ(→π + π − ) is proceeding via EM interaction, i.e. the ρ might not be created be two gluons, but by a virtual photon. However, then the decay should be suppressed by an additional factor α em /α S 10. The observation for the X(3872) is different: the branching fraction of isospin violating transistion is (among the known decays) order of O(10%) and thus seems to be largely enhanced.
The Y(4260) family
BaBar [18] CLEO Another new charmonium-like state was observed by BABAR and confirmed by several experiments (see Tab. 2 for a list of the measured masses and widths) at a high mass of m 4260 MeV, far above the DD threshold. The width is ≤100 MeV, which is quite narrow for such a high state. The observed decay is again a π + π − transition to the J/ψ, similar to the above mentioned decay of the X(3872). However, the production mechanism is not B meson decay but instead ISR (initial state radiation), i.e. e + e − →γ ISR Y(4260), i.e. a photon is radiated by either the e + or the e − in the initial state, lowering the √ s and producing the Y(4260) by a virtual photon. In fact, not only one state, but four states have been observed and are shown in Fig. 2 has not been observed yet. However, it should be allowed, as J P C =1 −− allows coupling to a virtual photon and subsequent γ * →e + e − . BABAR determined a very small partial decay width
. This should be compared to e.g. Γ (ψ →J/ψπ + π − )×Γ (e + e − )/Γ total = (789±15) eV [14] , which is a factor 10 2 higher. A possible reason in the hybrid interpretation is, that the decay may be blocked by the valence gluon.
The X(4630) state
A state which is probably identical to the Y(4660) has also been observed at Belle [28] in the ISR production process with a data set of 670 f b −1 , but in the different decay channel, i.e. • It is the highest charmonium state observed so far (together with the Y(4660) of almost same mass, but decaying into J/ψπ + π − ), and
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• the only new state so far observed to decay into baryons.
The potential model has an important boundary condition for the radial wave function, which is called the turning point R tp and can be calculated as
using σ=hck with the string constant k. This is the radius, at which (a) the Wronski determinant must be zero and (b) the radial wave function changes into an asymtotic, exponential tail. For a box potential, the turning point would be identical to r box , and the exponential tail of the wave function would be outside the box. Fig. 5 shows the turning point radius as a function of the mass. For the X(4630), if it is a charmonium state, the turning point is at r turningpoint >2.1 fm. However, a radius of r 1.25 fm marks the QCD string breaking regime. Thus, if the Y(4660) or the X(4630) are charmonium states, it is unclear, how such a large part of the wave function of a bound state can be in the string breaking regime. In any case, if it is a charmonium state, the radial quantum number must be n≥4. Concerning the quantum numbers, remarkably the isospin must be I=1, (as the isospin of the pion is I=1), if we assume I=0 for the Y(4260). If the heavy meson pair is assumed to be in the S-wave, the spin-parity of the state is uniquely determined as J P =1 + . C-parity (−1) L+S is only defined for neutral particles, thus there can only be a G-parity assignment to the Z + c (3900). The G-parity (−1) L+S+I with L=0, S=1 and I=1 thus gives G=+. As G-parity should be preserved in strong decays, this assignment, due to the G-parity G=− for the pion, has the interesting implication that the Y(4260) would have G=−. This would be compatible with an 
A D-wave state
Belle investigated the decay B + →K + χ c1 γ with χ c1 →J/ψγ using a data set of 711 f b −1 [31] . A search for charmonium(-like) states decaying to χ c1 γ was performed. Fig. 7 shows the invariant mass m(χ c1 γ). In other words, the search was based upon a sequence of two radiative decays with both ∆L=1. The radiative transition also flips the parity due to the quantum numbers of the photon J P =1 − , and therefore the requirement of the intermediate χ c1 with positive parity. A new state at a mass of 3823.1±1.8±0.7 MeV was observed with a 3.8σ significance. The product branching fraction was measured as B(B + →K + X(3820))× B(X(3820)→χ c1 γ)= (9.7 +2.8 2.5 +1.1
4 , which is a factor 10 larger than e.g. the sum of all measured product branching fractions of the X(3872). The observed state might be one of the charmonium D-wave (L=2) states, as such states should primarily decay radiatively to χ cJ states by L=2→L=1 transitions and according branching fractions should be high ≥50% [32] [33] . There are four expected n=1 D-wave states: the η c2 ( 1 D 2 ) with J P C =2 −+ and ψ 1,2,3 ( 3 D 1,2,3 ) with J P C =1,2,3 −− . The prediction [3] for the ψ 1 ( 3 D 1 ) of 3.7699 GeV is much lower than the observed X(3820). The ψ 3 ( 3 D 3 ) can not decay radiatively by an E1 transition and should thus be suppressed. The η c2 ( 1 D 2 ) would require a spin-flip in the transition, and should be suppressed as well. The only candidate, which fulfills all the required properties, is the ψ 2 ( 3 D 2 ) state with J P C =2 −− and a predicted mass 3.838 MeV [3] , which is close to the observed mass. In addition, the ψ 2 is predicted to be narrow Γ 300-400 keV [32] , consistent with a preliminary measured width Γ =4±6 MeV. by parity conservation, and thus other decays (such as the observed one) should be enhanced. This mechanism could explain the high observed branching fraction into J/ψγγ. Note that the decays to DD * or D * D * are forbidden by energy conservation. The observed product branching fraction is consistent with a calculation with color-octet amplitudes [34] predicting
3 Bottomonium(-like) states
The h b (1P) and the h b (2P)
In a recent analysis by Belle, a particular technique was used, namely the study of missing mass to a π + π − pairs in Υ(5S) decays [35] . Fig. 8 shows the background-subtracted missing mass for a Υ(5S) data set of 121.4 fb [36] . The masses can be compared to predictions from potential model calculations [37] with 9901 MeV and 10261 MeV, respectively, i.e. the deviations are only 2.7 MeV and 1.2 MeV.
The η b (1S) and the η b (2S)
The η b (1S) is the bottomonium ground state 1 1 S 0 with J P C =0 −+ . It was discovered by BaBar in the radiative decay Υ(3S)→γη b . The measured mass was 9388.9 [31] showing the signal of the 3 D 2 charmonium candidate X(3820). The dashed, dotted and dash-dotted line represent different backgrounds (combinatorial, peaking and non-peaking background from ψ and X(3872) decays other than χ cJ γ, respectively, where the term peaking refers to peaking in m BC ).
The observation was confirmed by CLEO III using 6 million Upsilon(3S) decays with a measured mass m=9391.8±6.6±2.0 MeV. The observation of the h b (see above) by Belle also enabled a search for the radiative decay h b (1P )→η b (1S)γ, which was observed with a very high significance >13σ in a dataset of 133.4 fb −1 at the Υ(5S) and in the nearby continuum [38] . In addition, even the η b (2S) was observed in h b (2P )→η b (2S)γ. 
Test of the tensor term in the potential
The measured masses of the h b and h b can be used for a precision test of the hyperfine splitting in the Cornell-type potential (Eq. 1), i.e. a test of the relation Belle [38] Potential [37] 
using the world average masses of the χ b0,1,2 and χ b0,1,2 from [14] . The hyperfine splitting ∆m HF =<m(n 3 P J )−m(n 1 P 1 ) was measured as ∆m HF =(+1.6±1.5) MeV for n=1 and ∆m HF =(+0.5 +1.6 −1.2 ) MeV for n=2. This can be used as a test for the tensor term in the potential
with the spins of the heavy quarks S 1 and S 2 , the heavy quark mass m and the quark antiquark distance r, which is usually treated as a perturbation in the potential. It vanishes for S=0 (e.g. η b , Υ(nS), h b , ...) and L=0 (e.g. 1 D 2 state, ...). In a simplified view, a non-zero ∆m HF would mean, that the wavefunction of the h b at r=0 is non-vanishing. The sign of the potential term is positive, thus masses should be shifted up. Although the above mentioned measurements of ∆m HF are consistent with zero, however positive values seem to be preferred for the bb case, mildly suggesting to indicate an effect of the tensor term. This can be compared to measurements of ∆m HF =0.02±0.19±0.13 MeV [42] and ∆m HF =0.10±0.13±0.18 MeV [43] charmonium system, (i.e. the h c ). 
Test of flavor independence of the potential
The new mass measurements in the bottomonium region enable for the first time a precision test of the flavour independance of the cc and bb systems. The important question is, if the level spacing is independant from the quark mass. According to [44] , for a potential of the form V (r)=λr ν the level spacing is ∆E∝(2µ/h 2 ) −ν/(2+ν) |λ| 2/(2+ν) . where µ is the (reduced) quark mass. For a pure Coulomb potential (ν=−1), which should be dominating for the low lying states, this leads to ∆E∝µ, This would imply that the level spacing would increase linearly with mass, i.e. ∆E(bb) 3∆E(cc). For a pure linear potential it would be ∆E∝µ −1/3 , thus the level spacing would decrease for higher quark masses, i.e. ∆E(bb) 0.5∆E(cc). As can be seen in Fig. 10 , for the mass splittings involving the h b (S=0, L=1) the agreement between cc and bb is excellent, i.e. 10.2 vs. 10.1 MeV and 43.9 vs. 43.8 MeV. There are two possible explanations of this remarkable symmetry. (1) For a pure logarithmic potential V(r)=λlnr (i.e. the limit ν→0) the level spacing is ∆E∝λµ 0 . This means, the flavour independance would be strictly fulfilled. (2) The other way to reach the flavour independance is, that the Coulomb potential with ∆E(bb) 3∆E(cc) (see above) and the linear potential with ∆E(bb) 0.5∆E(cc) (see above) cancel each other quantitatively in an exact way. It also implies that the size of the according λ pre-factors (λ=−4/3α S for the Coulomb-like potential and λ=k for the linear potential) just seem to have the exactly correct size assigned by nature in a fundamental way. For the ground states (S=0, L=0) the agreement of the mass splittings between cc and bb is not as good, i.e. 65.7 vs. 59.7 MeV, and may point to the fact, that there is an additional effect which lowers the η c mass. This might be mixing of the η c with the light quark states of the same quantum number 0 −+ (i.e. η or η ).
The Y b (10889) state
While investigating Υ(5S) decays, Belle discovered a highly anomalous behavior. For the Υ(5S), the beam energies of the KEK-B accelerator were changed in a way, to keep the center-of-mass boost the same as on the Υ(4S) resonance. Thus, all analysis techniques could be applied. In Figure 10 : Mass splittings (in MeV) based upon the new measurements [38] of the h b , η b and η b , using masses from [14] for the other states, for charmonium (left) and bottomonium (right). The dotted lines indicate levels for the theoretical case of exact flavour independance.
a data set of 21.7 f b −1 , the processes e + e − →Υ(nS)π + π − with n=1,2,3 were investigated. First of all, the cross section of decays to the Y(1S) was found to be anomalously large. While in a data set of 477 f b −1 on the Υ(4S), N =44±8 events of Υ(1S)π + π − were observed [45] , in the data set of 21.7 f b −1 on the Υ(5S) N =325±20 events of Υ(1S)π + π − were observed [46] . This means, that in a data set corresponding to 1/20 the size of the data set and 1/10 of the production cross section, still a factor 7.4 more events are observed. This corresponds in total to a signal, which is more than a factor 10 3 higher than the expectation. In addition, not only the Υ(5S)→Υ(1S)π + π − but also the Υ(5S)→Υ(2S)π + π − was found to be larger than expected by more than a factor 5×10 2 . Note that Υ(5S)→Υ(4S)π + π − is kinematically suppressed. One of the possible explanation for the observed anomalously high yield was a new resonance nearby the Υ(5S), decaying into the same final state [47] . Therefore a beam energy scan was performed [48] . Typical step sizes in the variation of the √ s were 6-10 MeV. On each scan point more than 30 pb −1 were performed. For each energy point, the yield of Υ(1S,2S,3S)π + π − was determined by an unbinned maximum likelihood fit. Fig. 11 (bottom) shows the fitted signal yield as a function of √ s. These excitation curves are fitted with a Breit-Wigner shape with floating mean and width, but constraint to be identical parameters for all three curves. The normalizations for the three curves are floating independently. The fitted mean is at 20 MeV higher mass and the width is about a factor 2 narrower than the Υ(5S). This indicates that the observed resonance is not the Υ(5S), but instead a new state which was given the name Y b (10889). For comparison, Fig. 11 (top) shows the ratio R b vs.
√ s, where R b is defined as the ratio of the inclusive hadronic cross section σ(e + e − →hadrons) to σ(e + e − →µ + µ − ). The final measurement for the new state yields a mass of m=10888.4 On the other hand, the amplitude of the rescattering is proportional to | p 1 | 3 , where p 1 denotes the 3-momentum of the B ( * ) or B ( * ) , and would lead to an anhancement of the observed cross section by a factor 200−600 [50] . This way this mechanism could also provide an explanation for the observed anomalous yield (see above). Quantitative predictions are however difficult, because unknown form factors [51] [50] must be assumed. Table 4 : Total widths, partial width for decay into e + e − and partial width for decay into Υ(1S)π + π − for the Υ(2S), Υ(3S) and Υ(5S). The Υ(5S) is denoted as Υ(10860), as it might be an admixture of several closeby states. As can be seen, Γ Υ(1S)π + π − is anomolously large by a factor >10 2 for the Υ(10860).
5 A future Project: measurement of the width of the X(3872)
One of the important steps would be to measure not only the masses of newly observed states, but also the widths. As many states have natural widths in the sub-MeV regime, future experiments must be able to reach according precision. The PANDA experiment at FAIR (Facility for Antiproton and Ion research) at GSI Darmstadt, Germany, will be using a stored, cooled anti-proton beam. The measurement of the width of a state can be performed by a resonance scan technique. Both stochastic cooling and e − -cooling techniques will be used, providing a momentum resolution of the antiproton beam of down to ∆p/p≥2×10 −5 . The anti-protons will collide with protons in e.g. a frozen pellet target. With a maximum beam momentum of p≤15 GeV/c, in this fixed target setup a maximum center-of-mass energy of √ s≤5.5 GeV can be achieved, corresponding to a very high mass of an accessible charmonium(-like) state, which would kinematically not be accessible in B meson decays or in radiative decays of ψ resonances. For momentum reconstruction, a high magnetic solenoid field of B=2 T will be employed. One of the difficulties will be, that signal events (e.g. charmonium production, with subsequent decays into light mesons) and background events (hadronic production of light mesons) have very similar topologies. Thus, a hardware trigger using simple criteria, such as number of charged tracks or number of photons in the calorimeter, is not possible. Therefore PANDA will perform complete online reconstruction of all events with a high interaction rate of ≤2×10 7 /s. The planned luminosity of L=2·10 32 cm −2 s −1 is high and would translate into a number of 2·10
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J/ψ per year, if theoretically running on the J/ψ resonance only. Cross sections in pp formation (as an example σ(pp→X(3872)) can be estimated from measured branching fractions (i.e. B(X(3872)→pp) using the principle of detailed balance, which is shown in Eq. 6. ≤68.0 nb Table 5 : Total spin J, mass m, width Γ , branching fraction for the decay into pp and cross sections for production at PANDA, as derived by the principle of detailed balance for selected resonances R.
Tab. 5 summarizes cross sections for production at PANDA as derived by the principle of detailed balance for selected resonances R. For the J/ψ, the ψ , the η c and the χ c0 the branching fraction B(R→pp) was taken from [14] . For the η c , B(b→K + R→K + pp) was taken from [52] and B(B + →K + R) was taken from [14] . For the h c and the X(3872) B(b→K + R→K + pp) was taken from [52] and the upper limit for B(B + →K + R) was taken from [14] . Typical cross sections for charmonium formation at PANDA are thus in the order of 10-100 nb. In the following, we assume σ(pp→X(3872))=50 nb. Detailed Monte-Carlo simulation studies of a resonance scan for pp→X(3872) at PANDA were performed. The advantage is, that in pp collisions the X(3872) with J P C =1 ++ can be formed directly, while in e + e − only J P C =1 −− is possible. The Breit-Wigner cross section for the formation and subsequent decay of a cc resonance R of spin J, mass M R and total width Γ R formed in the reaction pp→R is σ BW (E cm ) = (2J + 1) (2S + 1)(2S + 1)
where S is the spin of the (anti-)proton. Figure 12 : Final result for the simulated resonance scan of X(3872) at PANDA with 20 scan points. For details see [55] .
is a convolution of a Breit-Wigner term for the resonance and the function G for the beam resolution. If G is given by a single Gaussian distribution, then the convolution is a Voigtian distribution. The area under the resonance peak is given by
which importantly is independent of the form of G(E). σ peak is the cross section at E cm =M R c 2 given by σ peak = (2J + 1) (2S + 1)(2S + 1)
By measuring A using a fit to the excitation function and inserting σ peak into Eq. 9, the resonance width Γ R can be determined. For a complete simulation of the resonance scan, 20 simulations for pp→X(3872)→J/ψπ + π − with background were performed for 20 beam momenta in the resonance region. The beam momenta were chosen equidistant in center-of-mass energy. For each scan point, the yield of the X(3872) was fitted by a single Gaussian. Fig. 12 shows the fitted yield as a function of √ s. The fit was performed using a Voigtian distribution. Direct background from pp→J/ψπ + π − was taken into account as a zeroth order polynomial, although estimates [53] indicate that it is small with a cross section of 1.2 nb (i.e. a factor 40 smaller than the signal). The known momentum resolution in the HESR high resolution mode was fixed as the width of the Gaussian in the convoluted Voigtian. The width of the X(3872) was reconstructed as Γ X(3872 =86.9±16.8 keV, which is consistent with the input width of 100 keV. This simulation is a proof for the concept, and the ability of PANDA to measure the width of a resonance in the sub-MeV regime. For additional details see [54] [55].
Summary
Recent results from e + e − collisions (and in particular the B meson factories) enable unique precision tests of thepotential in the charmonium and bottomonium region. The static potential model fails for many newly observed states (called XYZ states), indicating non-qq phenomena such as possibly tetraquark states, charmed meson molecular states or hybrid states. Future experiments such as PANDA will provide precision tests not only of masses, but also widths in the sub-MeV regime.
